L *=UR -91-562

D (f“c/ D)5 - -/

_J8 Alarm3s Naloman LACCral0fy 3 operaied ry the University of Canforma for the United States Department of EnerQy unger coniract W-740%-ENG-18

TITLE

AUTHOR(S)

SUBMITTED TO

LA-UR--91-562
DES1 008591

Rapid Sequencing of DNA Based on Single Molecule
Detection

Steven A. Soper, Llovd M. Davig, Frederic R. Fairfield,
Mark L. Hawmmond, Carol A. Harger, James H. vett,
Richard A. Keller, Babbetta L. Marrone, John (.Marrin,
Harvey L. Nutter, E.Brooks Shera and Daniel J. Simpson

SPIE Proceedings

DISCLAIMER

This report was preparod as un account of work spunsured by an agency of the Uniled States

Government. Neither the United States Government ot any agency thereuf, nor any of their

employecs, makes any warranly, capress of implied. ur sxsumes any legal lishihity or responsi-

bility for the sccuracy, completeness, or usefulness of any infurmation, apparatus, product, or

provess disclosed. ur represents that its use would not wnfringe privately owned rights wefer-

ence kerein to any specific commercial product. process, ur service by trude name, tradema.., Q ER
manufocturer. of otherwise does not necesanly constitute or imply its endorscment. recom- \\ ‘) .
mendation, or favoring by the United States Government or any agency thereof The views

and opimons of authurs exprewsed hermin do not necensanly state or reflect those of the

United States Guvernment or any agency thereal.

BrACrop'a~ce '™ § 4r1. @ ma LD 370r FRCOQMEeS INAI NG U S (Jovernment r@laing & noneiICiuyve 'CySily 1780 iL@NEO 10 PUDLER Of 180r 'duLe

‘rensDuyReg T 0t g

ey Aoy Natara

e patan 3 ') guow Others 10 99 %0 for US Qovernment purpoles

ADP A1y - BgUeY'y ‘hal 'hg publigngs denbily g artCl@ a3 wurk performen urder the auspices ating U S Department ol Erergy

Los Alamos National Laboratory
ﬂ:@g A @m@ Los Alamos.New Mexico 87545

URT IV Ty T
AR SR P AW M

ot L.l‘,'.'ﬁ_?.".M-'.N'n 1% UNLlM\TEl) _ \/\?
AgTRIBUTI - .\‘


About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov


¥y 21

Rapid Sequencing of DNA Based On Single Molecule Detection

Steven A. Soper, Lloyd. M. Davis, Frederic R. Fairfield, Mark L. Hammond,
Carol A. Harger, James H. Jett, Richard A. Keller, Babbetta L. Marrone,
John C. Martin, Harvey L. Nutter. E, Brooks Shera, Daniel J. Simpson

Center for Human Genome Studies
Los Alamos National Laboratory
Los Alamos, NM 87545

L._ABSTRACT

Sequencing the human genome is a major undertaking considering the large
number of nucleotides present in the genome and the slow methods currently
available to perform the task. We have recently reported on a scheme to
sequenco DNA rapidly using a non-gel based technique. The concept is based upon
the Incorporation of fluorescently labeled nucleotides into a strand of DNA,
isolation and manipulation of a labeled DNA fragment and the detection of single
nuclestides using ultra-sensicive laser-induced fluorescence detection following
their cleavage from the fragment. Detection of individual fluorophores in the
liquid phase vas accomplished with time-gated detection following pulsed-laser
excitarion. The phocon bursts from individual rhodamine 6G (R6G) molecules
travelling through a laser beam have been observed as have bursts from single
fluorescently modified nucleotides. Using two different biotinylacted nucleotides
as a model system for fluorescently labeled nucleotides. we have o»bserved
synthesls of the complementary copy of M1} bacteriophage. Work with
fluvrescently labeled nucleotides is '‘inderway. We have observed and manipulated
indi{vidual molecules of DNA attached to a microbead with an eplfluorescence
microscope,

4. INTRODUCTZON

Presently, there is a major effort to map and sequence the human genome.
This s a formidable task because the human gencme contains 3 x 107 nucleotides.
Currently used techniques can sequence a few hundred to a few thousands buses
per dayv. The commnon sequencing protocols are those Jdeveloped by Sanger (1) or
Maxam and Cilbert (2) and are gel based techniques wusing either radicactively

or fluorescently labeled nunleotidei. Current methods require the use of o1
to four lanes of the gel and a vast numher of identical DNA molecules which vield
a few hundred bases nf sequence (3,4)., Longer DNA sequences are corstructed hv

overlapping the short sequences I[f the DNA sequence of L=tere:t Is a mllllon
hbases long, current methodologles of overlapping short sequences becomey
prohibitive. While gel based sequencing rechniques are improviug, bhuases
sequenced {nn a gel abhove about 1000 nucleo.ides s difflcult and wextanusive
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manpuwer and tlme are required for these gel techniques.

Recently, we have reported on a new method of sequencing CNA it a rate
approaching several hundred bases per second (5,6). The technique involves: (a)
labeling the nucleotides with base specific tags suitable for ultra-sensitcive
fluorescence detection, (b) enzymatic synthesis of a complementary strand of DNA
using fluorescently-labeled nucleotides, (c) isolation and manipulation of a
single molecule of fluorescently la:led DNA, (d) suspension of the single DNA
molecule in a flowing sample stream, (e) sequential cleavage of fluorescently
labeled nucleotides from the DNA and (f) detectlon of single fluorescently
labeled nucleotides as they pass through a focused laser beam. The sequencing
rate of this method should be limited by the rate at which the exonuclease can
remove single DNA bases from the terminus of the DNA molecule and the rate of
detection of single molecules. Our method should be able to determine the
sequence of very long pieces of DNA (e.g. the 40 Kb DNA fragments ln a cosmid
library) directl!y without the need for overlapping short DNA sequences.

The success of thls proposed method depends upon the ability to detect
individual fluorescent molecules in solution as they transit a focused laser
beam. Work {n the area of single moulecule detection (SMD) was initiated by
Hirschfeld who labeled one molecule (polvethyleneimine) with fluorescein
isothiocyanate molecules and was able to detect 80 fluorophores in a static
system (7). Dovichi an? coworkers utilized rhodamine 6G (R6G) as the
fluorophore and hydrodynamic focused flows and were able to see a few thousand
molecules (8,9). This work was followed by a report of songitive fluorescence
detection from molecules of phycoerythrin, equivalent to 25-30 R6G molecules
based upon dirferences in the molar absorptivities and rluorescent quantum
efficiencles (10). Peck et al. later demonstrated indirect procf of detection
ot single molecules of phycoerythrin in solution (l1). The work with
phvcoerythrin was followed by improvements in sensitivitv, appreoaching the single
molecule level for the fluorophore R6G using CW excitation (12,13). We have
recently reported on the first direct observation of the photon burst from
individual R6G molecules travelling through a focused laser beam using pulsed-
laser exclitation and time-gated detection (14). The use of time-gated detection
effectively discriminates the scattering background from the fluorescence and
results in a substantial decrease i{n the observed background. Our recent
progress in the area of single molecule datection will be discussed as well as
our progress in the area of DNA replication using labeled nucleotides and the
isolation and man{pulation of individual molecules of DNA.

). EXPERIMENTAL

The pulsed-laser SMD apparatus has been described elsewhere (14). Brietly,
the excitatfon source was an actively mode-locked Nd:YAG laser with a repetition
rate of #2 MHz and pulse width of 70 psec. The fundamental was frequency-doubled
*0 932 um with average powers of J0 mW at the flow cell. S'nce the tluorescent
ltetime and t! [nverse of the laser repetition rate are much shorter than the
time the molecule spends in the laser beam, the molecule s re-excited many times
vesulting In 8 burst of photons that serves as a signature for the passage ot
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molecules through the laser beam. A microscope objective and a slit are arranged
to image rhe photons from a small region around the laser beam waist onto a
microchannel plate photomultiplier (MCP) operated in Lhe single-photon counting
mode (see Figure 1).

NDIYAG LASER | _\BS_ /N A

_ 70 psec
PD | WASTE
BANDPASS
N
|
MCP O3 | ceLL
- |

CFD 1 PREAMPIIATTENI™ AMP j E

W
G
CFD 2IMETER 5 g
>
I v &
—© TAC
Start Gate Delay
Stop f__FC-—J_I
-© SCA TACo—
Out Out
SCALER| - L )
Nkl "
VME 3WUS y
L T —]
CAMAC SUN 3/160

Flgure 1. Schematic draving of the SMD apparatus. The pulsed light was ftocused
onto the l0Ox«¢ mm {low cell with a 17 mm focal length lens vielding a measured
beam waist of 7.5 um (l/e). Part of the evcl{tation beam was directed to a
photodiode to provide the start pulse for the TAC. The stop pulse was generated
from the anode pulses of the MCP PMT. The fluorescence emission was collected
by a 40X, NA 0.65 microscope objective and imaged cnto a vertical slit with a
width set at 0.4 mm resulting (n a 10 um observation distance along the
propagation axis of the laser beam, Scattering lLinpinging onto the MCP I'MT was
minimlzed with a bandpass filter centered at 5H0 nm and a FWHM ot 40 nm
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Photoscabilities of various fluorophores were measured using the CW
excitation from an Ar ion laser (514.5 nm). The remainder of the CW apparatus
has been described in detail elsewhere (13). The photobleaching efficiencles
wvere measured according to the procedure described by Mathies and Stryer (15).
The method involves measuring the normalized fluorescence intensity as a function
of the flow velocity, ylelding a sigmoidally shaped curve from which the
photobleaching efficiency can be obtained.

The DNA fragments were observed under a conventional epifluorescence
microscope (Leitz Laborlux) equipped with a cooled Photometrics CCD camera
detector for sensitive fluorescence dectection. The DNAs were scained with
ethidium bromide in order to observe the fluorescence of the DNA molecules.

*, SINGLE MOLECULE DETECTION OF [ABELED NUCLEOTIDES

A number of different photophysical parameters play important roles in
determining the ability to detect selected fluorophores on a single molecule
level. The photobleaching efficiency sets an upper limit on the number of
photons one can obtain per molecule and therefore plays a cruclial role in
determining the duracion of the photon burst for the molecule under observation.
Table 1 presents the fluorescence quantum efficiencv (®,), photobleaching
efficiency (®,) and the total number of photons attainable per molecule (¥, / &;)
for R6G, tetramethylrhodamine isothiocyanate (TRITC) and adenine labeled with
TRITC (TRITC-AD). TRITC and TRITC-AD are typical fluorophores that will be used
in the rapid sequencing scheme. In the case of R6G, approximately 25000 photnns
per molecule can be obtalined in an agqueous solvent. For 0.00l1 photoelectrons

Table 1. The fluorescence quantum efficiencv (®,), photobleaching efficiency
(®,) and photon vleld per molecule (N) for R6G, TRITC and TRITC-AD in H,0 and
EtOH.

Solvent R6G IRITC SRITC-AD

®, », N ®, ®, N ®, ®, N

Mo 0.8 18107 2.5x10% 0. 13 5.0x10 % 3.0x10* | 0.1 6.4x10 % 2. 2x10°

EtOH 0,98 6. 0x107 1.6x10% ]0.26 4. 2x107 6.2x10% [ 0.22 6.axl0’7  3.4x10°

g;\?G(_ Q
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per photon generat:d (taking Iinto account quantum efficiency of phototube,
geometric collection efficlency and transmission efficiency of the filters), then
approximately 25 photoelectrons are detected per molecule. In EtOH, the photon
vield per molecule is 1.6 x 10° due to an 100 fold improvement in its
photostabiiity. We have been able to utilize the increased photon yield of R6G
in EtOH to observe the bursts of photons f{rom individual molecules of R6G using
CW excitatior as indicated from non-random correlations in the autocorrelation
function and tails in the Foisson distributions (13). For TRITC and TRITC-AD,
the fluorescence quantum vields are approximately 3X smaller than that of R6G
in H,0. But due to their increased photostability, these fluorophores result
in nearly the same number of photons per molecule as that seen for R6G.

We are able to detect individual molecules of R6G transiting a focused
la~er beam using pulsed-laser excitation and time-gated detection (l4). Sing'e
molecule detection was based on (a) the observation of a non-random correlation
in the autocorrelation function and (b) the diract observation of the burst of
rhotens from single R6G molecules in solution. The autocorrelation function,
G(r). for discretely sampled data can be expressed as

N-1
G(r) = ¥ d(t) d(e+r), (1)
t=0

where N is the number of data points analvzed and » is the delay. As can be seen
from equation (l), the autocorrelation is performed on the entire data set and
Is thus computed over a large number of events. The non-random correlation is
evidence for observing the bursts from a number of molecules passing through the
laser beam during the course of the experiment and persist for delays up to the
average residence time of the molecule within che laser beam. With the knowledge
of the photobleaching rate, the flow velociy and the diameter of the laser heam,
one can calculate the effective residence time of a molecule within the laser
beam. In the case of TRITC or TRITC-AD in K,0 and leser powers of 30 mW the
average effective lifetime of the fluorophore (hbefore vnleaching) Ls approximately
13 msec whereas the transit time (laser beam dia. :ter / flow velocitv) s
approximately 30 msec. Thecrefore, a majoritv of the molecules are photobleached
befor. exlting the laser beam, The autocorrelatlion ftunction for 100 fM of
TRITC-AD and for the water solvent are shown In Figure 2. A strong non-random
autocorrelation wus seen caly in the case of TRITC-AD. This concentration of
TRITC-AD was chosen to yield a probability of a single molecule residing within
the laser beam at any given time of 0.1 thereby minimizing the probability of
two molecriles reslding within the lLaser beam.

The iutccorrelation s computed over a large number of events and does not
lden.{fy (e passage of indlvidual molecules as thev translt the laser beam, an
essential requirement (n the rapid sequencing methodologv since each molecule

S\
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must be processed individually. In order to examine ck- data for passage of
individual molecules, we have defined a welghted quadratic summing (WQS) fiiter
given by (ref. 13)

k-1
S(E) = ¥ w(r) d(z+r)?, (2)
r=0
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Flgure ?.  Autocorrelation plots for water and water with the addition of 100

tM of TRITC-AD. The average Laser power was 30 mW and the autocorrelation was
computed over 1! sec of data collection,
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where k covers the time interval on the order of che molecular passage time (in
the present experiment k = 5, corresponding to 20 msec, 4 msec per counting
interval) and w(r) are weighting factors chosen to best discriminate the signal
due to passing molecules from random fluctuations in the background. The values
of these weights were based on results from computer simulations of the expected
signal from passage of individual molecules through the laser beam. In the
present case w(r) = (r + 1) / k, for r = 0 to k - 1 (an asymmetric triangular
ramp due to the fact that the signal increases slowly as the molecule enters the
laser bSeam followed by an abrupt cessation of photon emission due to
photobleaching). Figure 3 shows the WQS filtered data for the blank and .00 fM
of TRITC-AD. Small amplitude bursts are observed in the blank due to statistical
fluctuations of the background and to fluorescent impurities. Upon addicion of
TRITC-AD, large amplitude bursts are observed in the data. The average number
of photoelectrons observed per burst is roughly 10, in accordance with the data
of Table 1 (22000 photons per molecule) and the conversion efficiency of the
pulsed-laser SMD apparatus (0.0007 photoelectrons / photon). Based upon the
estimated flow velocity, the concentration of the fluorophore used in chis
experiment and the size of the observation voiume (1.8 plL), cthe calculated number
of molecules pass‘ng through the laser beam is approximately 1 per sec. If onn
sets a discriminator ac S(t) = 10, then the assoclated detection efficlency fcr
single molecules of TRITC-AD transiting the laser beam 15 nearly 70% with an
error rate (due to flucrescence impurities present in the solvent blank and
statistical fluctuations in the background) of approximately 0.03 per sec.

Our ability to detect individual molecules of the nucleotide adenine labeled
with TRITC is significant not only in terms of our rapid DNA sequencing scheme,
but for applying SMD to various types of analytical applications where
fluorophores are attached to analvtes. TRITC-AD shows a reduced quantum yield
for fluorescence as compared to R6G (see Table 1), but, because of its increased
photostability, results in similar photon yields per molecule. The results from
reference 14 for R6G and that from Figure 3 indicate that selection of molecules
for SMD should not be based solely on the fluoresrence quantum yields, but should
include considerations hased upon photostabllity as well.

5, REPLICATION OF DNA WITH MODIFIED NUCLEOTIDES

In para!lel with single molecule detection. we are also making progress with
the biochemical methods necessary to lab:1 a fragment of DNA {n preparation for
sequencing. DNA will be labeled bv r:acting a single-stranded template with
modified nuclect{des Lln the presence of a polymerase enzyme. This will create
a labeled, double-stranded DNA fragment. The current method for single molecule
detection in the rapld DNA sequencing project requires that tha2 nucleotides be
labeled with a fluorescent tag due to the small quantum yields for fluorescence
of the native nucleotides. Attachment of an appropriate fluorescent dve will
be made via a linker arm to a positlon on the base. Because fluorescently tagged
nucleotides were not vet commercially available, inltlal experiments utillzed
hiotin-modified nuclevtides to investigate the e-=vmatic synthesis of labeled
DNA fragments and their subsequent cleavage by exonucleases. These experiments

Sueee 1



K3s 21

50 | L T T
— . L] b'" [=] Nts , ™
10" . " !
«0 - N ' N coo -
. t"T;‘~w‘lm.
< o ) 8 -
3 . o \ (- ]
20 -, . -
ok L L, :
P ey Beati TR
o | iandliah . it lld
M | e | T ,
0= wo -
40 - 4
l
s W0 -
A |
20 -
10 - « 3 . _]{
1 .
0 FININ NN
J =l L _L i ]
0 1 2 4 5 [}
Time (s)

Figure 3. WQS filter plot for 100 fM of TRITC-AD in water and water with no
added TRITC-AD. The structure of TRITC-AD is gilven in the upper right hand
corner of the figure. At the concentration wused 1in this experimenc,
approximately 1 molecule passes througi the detection volume per second. The
conditioas of this experiment were the same as those of Fligure 2.

demonstrated {ncorporation of blctin-labeled nucleotides {into strands
complementary to simple poly(dA, dG) DNA polymers as well as the exonucleolytic
digestion of this biotin-labeled duplex (3). We have also synthesized strands
complementary to more complex M13 constructs wirh two blotin-labeled nucleotides,

S &
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biotin-7-dATP and biotin-11-dUTP. Recently, flucrescently modified nucleotides
have become available. Preliminary experiments suggest that these nucleotides
incorporate poorly under standard reaction conditions. In some cases the rate
of incorporation of unmodified nucleotides was inhibited by the fluorescent
nucleotides. We anticipate that our current investigations into the mechanisms
involved in this inhibition of DNA synthesis will allow us to determine
appropriate linker arm structures and attachment positions so that we may design
fluorescencly tagged nucleotides that will incorporate rapidly and efficiently.

6, ISOLATION AND MANIPULATION OF DNA

Our technique requires the ability to select, attach and manipulate
individual DNA molecules. T» this end, we have been exploring the attachment
of indlvidual DNA molecules to supportive structures and the manipulation of
these supported DNA molecules. As in the synthesis of modified DNA, we are
using a model system to simulate the final tagged DNAs. The model systenm
consists of bacteriophage lambda double-stranded DNA to mimic the size of our
eventual tagged DNA (40 Kb) and ethidium bromide (a fluorescent dye that
intercalates into DNA) to mimic the fluorescent tags. Using the cooled CCD
camera coupled to a flucrescence microscope and appropriate filters to detect
the fluorescence of ethidium stained DNA, we are able to observe small
fluorescent objects that have the proper mobility, size and sensitivity to DNase
expected of individual lambda DNA molecules. Performing these experiments was
made feasible by the construction of a microscopic gel electrophoresis
apparatus, The apparatus allows one to observe the motion, fluorescence
intensity and digestion of the DNA while within the field of view of the
microscope in order to confirm that the object under observation i{s, in fact,
an individual molecule of lambda DNA. While we believe that we are isolating
individual DNA molecules, thare iIs a potential problem because lambda DNA can
form aggregates under our solutlion and dilution conditions. We are pursuing
electronic, enzymatic, and bilological techniques to confirm that our smallest
objects are indeed single molecules and not aggregates of a few molecules.

To manipulate individual molecules of DNA, some type of solid support is
necessary. Our original contention was to use avidin-coated inert microbeads
of a few microns in diameter (5). The avidin would bind biotin-modified
nucleotides that had been previously incorporated into the modified DNA. Since
limiting the number of attached DNAs to one by this method is technically
difficult, we have attempted to support the DNA by its known ability to bind
to glass microbeads. Even though this is also difficult, attaching apparently
single DNA molecules to glass beads has heen successful.

To move these supported DNAs into the sequencer, a method is needed to both
transport the microsphere {nto the flow region and to hold it in place during
the sequencing. We are currently evaluating optical traps (counter propagating
focused laser beams that act as small tweezers (16)) and a number of different
blological methods to make the manipulation process less tedinus. Since
supported DNAs must be digested one nucleotide at a time, we are also
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investigating whether the presence of the support alters the enzymatic properties
of the DNA exonucleases to create new products of the digestion or to make parts
of the DNA unavailable for digestion.

7. CONCLUSTINS

The ability to scquence DNA based upon single molecule detection will have
important ramifications in molecular biology. Although much work needs to be
accomplished, significant progress has been made. We have successfully observed
the individual photon bursts from nucleotides tagged with flucrogenic tags,
completely replicated the bacteriophage M13 using two different biotinylated
nucleotides, attached a single molecule of lambda DNA to a solid support and
observed the fluorescence of this single DNA molecule under an epifluorescence
microscope. Research wil' be focused on linker arm design to facilitate
incorporation of fluorescently labeled nucleotidec into nascent DNA, to suspend
a supported strand of DNA in a flowing sample stream and expanding our single
molecule detection capabilities to observe fluorophores of different colors in
a single experiment.
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